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Edited by Sandro SonninoAbstract A proteomics approach was used to search for novel
phospholipid binding proteins in Saccharomyces cerevisiae.
Phospholipids were immobilized on a solid support and the lipids
were probed with soluble yeast protein extracts. From this, the
phosphatidic acid binding proteins were eluted and identiﬁed by
mass spectrometry. Thirteen proteins were identiﬁed and 11 of
these were previously unknown lipid binding proteins. The pro-
tein–lipid interactions identiﬁed would not have been predicted
using bioinformatics approaches as none possessed a known lipid
binding motif. A subset of the identiﬁed proteins was puriﬁed to
homogeneity and determined to directly bind phospholipids
immobilized on a solid support or organized into liposomes. This
simple approach could be systematically applied to perform an
exhaustive screen for soluble lipid binding proteins in S. cerevi-
siae or other organisms.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Metabolism of membrane phospholipids is a dynamic pro-
cess that serves to regulate a plethora of cellular processes.
Phospholipids not only establish the permeability barrier be-
tween organelles but also serve as receptors for the recruitment
of speciﬁc proteins to a particular membrane, act as second
messenger signaling molecules, and directly modulate the
activity of membrane bound proteins. Indeed, about 30% of
all proteins are integral membrane while another 30% are
thought to function at a membrane surface. By their very nat-
ure these interactions are informational and an increase in the
understanding of the cellular complement of lipid binding pro-
teins is required to precisely deﬁne their biological roles.
Diacylglycerol (DAG) was one of the ﬁrst lipids to be iden-
tiﬁed as a speciﬁc binding partner for proteins with members
of the proteins kinase C family the best characterized of these
[1,2]. More recently, polyphosphorylated phosphatidylinosi-Abbreviations: DAG, diacylglycerol; PIPs, polyphosphorylated phos-
phatiylinositols; PC, phosphatidylcholine; PA, phosphatidic acid; PI,
phosphatidylinositol; PS, phosphatidylserine
*Corresponding author. Fax: +1 902 494 1394.
E-mail address: Christopher.mcmaster@dal.ca (C.R. McMaster).
0014-5793/$32.00  2005 Federation of European Biochemical Societies. Pu
doi:10.1016/j.febslet.2005.11.055tols (PIPs) have emerged as receptors for the temporal recruit-
ment of proteins to deﬁned subcellular compartments [3–7].
Biochemical analysis of lipid binding proteins has identiﬁed
deﬁned lipid binding domains including PH, PX, PHD, FYVE,
C1 and C2 domains, among others [1,2,7]. Lipid binding spec-
iﬁcities for a particular domain are normally regulated by the
head group of the phospholipid and can range from one head
group to several. In contrast, other lipid binding proteins ap-
pear to be more responsive to alterations in membrane curva-
ture as opposed to binding to a particular lipid ligand [8,9].
Alterations in lipid composition allow for temporal and spatial
regulation and/or localization of lipid binding proteins to reg-
ulate a plethora of cellular processes including numerous sig-
nal transduction pathways, vesicular and non-vesicular
transport, cytokinesis, transcription, mRNA export, and many
others too numerous to mention.
Phosphatidylcholine (PC) is the major phospholipid present
in most eukaryotic cells comprising approximately 50% of
phospholipid mass [10]. PC serves as the major permeability
barrier in cells and is also a source of several signaling mole-
cules. One notable pathway is phospholipase Dmediated cleav-
age of the choline head group of PC resulting in the production
of the lipid second messenger phosphatidic acid (PA) [11–13].
PA can be further catabolized by PA phosphohydrolase to pro-
duce a second lipid signaling molecule DAG [12,14]. To deter-
mine biological processes regulated by phospholipids in
eukaryotic cells we immobilized phosphatidylserine (PS), PC,
PA, and DAG on a solid support and probed the lipids with
soluble yeast protein extracts. Bound proteins were eluted
and identiﬁed by mass spectrometry. Thirteen phospholipid
binding proteins were identiﬁed and 11 of these were previously
unknown lipid binding proteins. A subset of the proteins were
puriﬁed to homogeneity and determined to directly bind phos-
pholipids when immobilized on membranes and incorporated
into liposomes. None of the identiﬁed proteins possess a known
lipid binding motif and thus would not have been predicted to
bind lipids through bioinformatics approaches.2. Materials and methods
2.1. Materials
Phosphoinositides (D-myo-phosphatidylinositol dihexadecanoyl
derivatives) were purchased from Echelon Biosciences Incorporated.
PC from egg yolk, PA (1-palmitoyl 2-oleoyl), PS from brain, DAG
(1-palmitoyl 2-oleoyl), phosphatidylethanolamine (PE) from egg,
phosphatidylinositol (PI) from soy, cardiolipin (CL) from heart and
phosphatidylglycerol (PG) (1-palmitoyl 2-oleoyl) were products of
Avanti Polar Lipids.blished by Elsevier B.V. All rights reserved.
Fig. 1. Fat western lipid protein overlay to screen for lipid binding
proteins present in yeast cytosolic extracts. (A) SDS–PAGE of proteins
bound to the indicated lipids immobilized on nitrocellulose mem-
branes. Proteins were silver stained. (B) 2D-PAGE of phosphatidic
acid binding proteins followed by mass spectrometry identiﬁcation.
Nitrocellulose strips were soaked in a chloroform solution of the
indicated lipids, allowed to dry, and blocked. Strips were incubated
with yeast soluble extract for 16 h at 4 C and then washed. Bound
proteins were eluted, precipitated, and subjected to 2D-SDS–PAGE.
Protein spot identities as determined by mass spectrometry are
indicated. DAG, diacylglycerol; PA, phosphatidic acid; PC, phospha-
tidylcholine; PS, phosphatidylserine; NL, no lipid.
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Yeast strain W303-1a (a ura3-1 his3-11,15 leu2-3,112 trp1-1 ade2-1
can1-100) was grown to log phase in rich (YPD) medium, harvested
by centrifugation, washed in ice-cold 50 mM Tris–HCl buﬀer, pH
7.4, 20% (w/v) glycerol 20%, and 1 mM EDTA (GTE buﬀer). Cell ex-
tracts were prepared in GTE buﬀer containing Complete protease
inhibitor cocktail (Roche) by vortexing the cell suspension with glass
beads (0.45 mm) for 10 intervals of 30 s separated by 30 s incubations
on ice. Beads, debris, and unbroken cells were removed by low speed
centrifugation and the homogenate was centrifuged for 1 h at
100000 · g. The soluble cytosolic extract was stored a 70 C.
2.3. Isolation of phospholipid binding proteins and identiﬁcation by mass
spectrometry
Nitrocellulose strips (1 · 2.5 cm) were soaked in chloroform solu-
tions of DAG, PA, PC, PS (20–25 mg/ml), or no lipid for 1 h at room
temperature. Strips were air dried, blocked with 0.2% Tween 20 (v/v)
in 10 mM Tris–HCl buﬀer, pH 7.4, 150 mM NaCl (TBS-T) for 2 h at
room temperature, and incubated with yeast cytosol (0.5 mg protein/
ml; 0.4 mg/cm2 membrane) in the presence of protease inhibitors over-
night at 4 C. Membranes were washed with TBS-T and water. Bound
proteins were eluted by incubation in 9 M urea for 1 h, precipitated with
methanol/chloroform [15], resolved by SDS–PAGE and silver stained.
The procedure used to isolate the proteins to be identiﬁed by mass spec-
trometry was as described above with two modiﬁcations (i) the nitrocel-
lulose membrane area was 20–30 cm2, and (ii) the chloroform/methanol
protein precipitate was dissolved in isoelectric focusing buﬀer and sub-
mitted to 2D-PAGE separation on Immobiline DryStrips, pH 3–10
(7 cm) (Amersham Biosiences) in the ﬁrst dimension. After 2D-PAGE
the resolved proteins were stained with Coomassie Blue, excised from
the gels, and analyzed by mass spectrometry at the ACB Proteomics
Mass Spectrometry Facility, University of Alberta [16]. Tryptic peptide
extracts were analyzed on a Bruker REFLEX III time of ﬂight mass
spectrometer using MALDI in positive ion mode. The obtained peptide
maps were used for database searches to identify proteins. For each
identiﬁed protein, 1–2 selected peptides were fragmented usingMALDI
MS/MS analysis performed with a PE Sciex API-Qstar pulsar to obtain
a conﬁrmative amino acid sequence.
2.4. Fat western lipid protein overlay assay of puriﬁed recombinant
proteins
Egd2p was expressed as a 6· His tagged protein from plasmid
pQE31 plasmid [17] transformed into BL21 (DE3) Escherichia coli.
Bacterial cell cultures were induced for protein production by the addi-
tion of 1 mM IPTG for 4 h at 25 C. Cells were lysed and protein puri-
ﬁed by metal aﬃnity chromatography using Talon resin (Clontech).
Cdc33p was expressed from the pGST-Parallel vector [18] for 4 h at
37 C. The GST fusion protein was puriﬁed on glutathione sepharose
resin (Amersham Biosciences). Induction of expression and puriﬁca-
tion of the Arc1p and Ilv2p fusion proteins were performed as de-
scribed [19–21].
Lipid binding assays were performed using the GST fusion or the His
tagged proteins essentially as described [22–24]. Brieﬂy, 1 ll of lipid
solution containing 1–1000 pmol of the indicated phospholipids in chlo-Table 1
Classiﬁcation of identiﬁed gene products that bind phospholipids
Gene ORF code Function Pro
TDH2 YJR009c Glyceraldehyde-3-phosphate dehydrogenase Gly
TDH3 YGR192c Glyceraldehyde-3-phosphate dehydrogenase Gly
EN02 YHR174w 2-Phosphoglycerate dehydratase Car
ILV2 YMR108w Acetolactate synthase Val
RPS5 YJR123w Ribosomal small subunit protein mR
ARC1 YGL105w Cofactor for methionyl- and
glutamyl-tRNA synthetases
tRN
CDC33 YOL139c Translation initiation factor elF4E RN
EGD2 YHR193c Alpha subunit of nascent polypeptide complex Cha
SSS7 YDL229w Heat shock protein 70 family chaperone Cha
SSB1 YAL005c Heat shock protein 70 family chaperone Cha
SSA2 YLL024c Heat shock protein 70 family chaperone Cha
RPT3 TDR394w ATPase component of the 26S proteosome Pro
VMA2 YBR127c Vacuolar H(+) ATPase regulatory subunit Vacroform was spotted on a Hybond C nitrocellulose membrane and air
dried for 1 hour. The membranes were blocked with 3% fatty acid-free
bovine serum albumin in 10 mM Tris–HCl buﬀer, pH 7.4, 150 mM
NaCl (TBS). Pure protein preparations of Cdc33p, Egd2p, Arc1p and
Ilv2p (100 pmol/ml) were incubated with the immobilized lipids in the
presence of TBS containing 3% bovine serum albumin at 4 C for
12 h. Blots were washed with blocking buﬀer containing 0.1% Tween
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NA splicing/translation Cytoplasm/splicesome/ribosome
A binding/translation Cytoplasm





tein catabolism Endoplasmic reticulum
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84 J.P. Ferna´ndez-Murray, C.R. McMaster / FEBS Letters 580 (2006) 82–86antibody or anti-His Tag monoclonal antibody in blocking buﬀer for
1 h at room temperature; the anti-His Tag monoclonal antibody was
subsequently incubated with a HRP conjugated secondary antibody.
Membranes were washed with blocking buﬀer containing 0.1% Tween
20 (v/v) and the protein bound to the membrane by virtue of its inter-
action with phospholipids was detected by enhanced chemiluminiscence
using the ECL system (Amersham Biosciences).Fig. 2. Lipid binding speciﬁcities of Egd2p, Cdc33p, Arc1p, and Ilv2p. Egd2
(DE3) E. coli and puriﬁed by metal aﬃnity chromatography. Cdc33p was exp
and puriﬁed by aﬃnity chromatography on glutathione sepharose. (A) Puriﬁ
buﬀer at 4 C. The indicated amounts of lipids were immobilized on nitrocellu
free bovine serum albumin in TBS. The membranes were incubated for 16 h at
of the indicated puriﬁed protein. Blots were washed with blocking buﬀer cont
spot was determined by probing the blot with anti-GST HRP conjugated a
conjugated antibody and detected by enhanced chemiluminescence. (B) Relat
the indicated lipids. CL, cardiolipin; DAG, diacylglycerol; PA, phosphatid
phosphatidylinositol; PI3P, phosphatidylinositol-3-phosphate, PI4P, phosph
phate; PI3,5P2, phosphatidylinositol-3,5-bisphosphate; PI4,5P2, phosphatid
dylserine; nd, not determined.2.5. Liposome preparation and binding assay
Liposomes (1.6 mM total lipid concentration) of diﬀerent lipid com-
position as indicated in the legend of Fig. 3 were prepared by extru-
sion. Lipids were dried in round bottom ﬂask from organic solvent
stocks under vacuum. Dried lipids were then placed in a vacuum des-
icator for 1 h to remove all traces of organic solvent. Lipids were resus-
pended in binding buﬀer (25 mMHEPES buﬀer, pH 7.4, 100 mMKCl)p, Arc1p, and Ilv2p were expressed as His-tag fusion proteins in BL21
ressed as glutathione S-transferase fusion protein in BL21 (DE3) E. coli
ed proteins were dialyzed overnight against Tris buﬀered saline (TBS)
lose membranes, and the membranes were blocked with 3% fatty acid-
4 C with gentle agitation in the same solution containing 100 pmol/ml
aining 0.1% (v/v) Tween 20 and the presence of protein bound to a lipid
ntibody or anti-His Tag primary antibody followed by a second HRP
ive binding speciﬁcity of the Egd2p, Cdc33p, Arc1p, and Ilv2p against
ic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PI,
atidylinositol-4-phosphate; PI3,4P2, phosphatidylinositol-3,4-bisphos-
ylinositol-4,5-bisphosphate; PG, phosphatidylglycerol; PS, phosphati-
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extruded 21 times through polycarbonate ﬁlters with 0.8 lM pore
diameter as per manufacturer instructions (LiposoFast Basic, Avestin
Inc.).
Liposome binding assays were performed in 80 ll of binding buﬀer
containing 1.5 mM total lipid and 0.25 lM puriﬁed recombinant
Arc1p, Cdc33p or Egd2p proteins. The binding reactions were incu-
bated for 30 min at 30 C, and then immediately centrifuged at
100000 · g for 1 h at 4 C using a Beckman TLA-45 rotor. After cen-
trifugation, supernatants were removed and vesicle pellets were resus-
pended by bath-sonication for 5 s in 80 ll of binding buﬀer and
transferred to new tubes. Proteins were separated by SDS–PAGE
and silver stained. In order to reduce the non-speciﬁc binding of pro-
teins to tube walls, tubes were blocked overnight at 4 C with 0.25 lM
BSA in binding buﬀer containing 0.1% Tween 20 (v/v) and washed
three times with binding buﬀer before being used for binding reactions.Fig. 3. Liposome binding ability for Arc1p and Egd2p. Arc1p (A)
Egd2p (B), and Cdc33p (C) (0.25 lM) were incubated with 1.5 mM PC
vesicles containing 20 mol% of the indicated phospholipids for 30 min
at 30 C. Mixtures were centrifuged at 100000 · g for 1 h at 4 C and
equivalent volumes of the supernatant and pellet fractions were
resolved by SDS–PAGE and silver stained. I, protein input; S,
supernatant; P, pellet.3. Results and discussion
Lipids are attractive candidates for macroinformatic studies
as their levels vary with diet, metabolism, and several pathol-
ogies. The identiﬁcation and evaluation of the entire comple-
ment of proteins that bind lipids is critical information
required for extension of our knowledge of the biological roles
of lipids. We, and others, have previously used a solid phase
lipid binding assay to aid in the identiﬁcation of putative lipid
ligands for puriﬁed proteins [22–24]. In this study, we extended
this approach to an analysis of cytosolic extracts from Saccha-
romyces cerevisiae to identify novel phospholipid binding pro-
teins. Equivalent amounts of PC, and its metabolites PA and
DAG, as well as the negatively charged lipid PS, were immo-
bilized on a nitrocellulose strip, blocked, and incubated with
yeast cytosol. After washing steps, the bound proteins were
eluted and analyzed by SDS–PAGE followed by silver staining
(Fig. 1A). PA and DAG bound a signiﬁcant number of cellular
proteins while PC and PS did not bind protein beyond that ob-
served in the no lipid control strip. The PA binding proteins
were further resolved by 2D SDS–PAGE, eluted from the
gel, digested with trypsin, and their identities determined by
MALDI-TOF mass spectrometry for peptide mass in a ﬁrst
pass and then by MALDI MS/MS in a second run to obtain
amino acid sequence. This analysis identiﬁed 13 putative
phospholipid binding proteins (Fig. 1B and Table 1). Of the
13 proteins identiﬁed, 11 had not been previously identiﬁed
as lipid binding proteins. Eno2p and Ssb1p had been previ-
ously identiﬁed as weak phospholipid binding proteins by
probing yeast proteome chips with PIPs [25]. In these studies,
Ssb1p showed some speciﬁcity for PI3P over other PIPs while
Eno2p bound all PIPs with a similar level of aﬃnity. This in-
quiry did not determine the ability of Eno2p and Ssb1p to bind
other phospholipids.
The approach used in the present study can identify proteins
that directly bind phospholipids, and potentially proteins that
bind phospholipids indirectly through participation in a multi-
protein membrane associated complex. The ability to directly
bind phospholipids was determined for four of the proteins
identiﬁed in this study, Edg2p, Cdc33p, Arc1p, and Ilv2p.
Each protein was expressed in E. coli, puriﬁed to homogeneity
and its phospholipid binding ability and speciﬁcity assessed.
All of the proteins were capable of binding phospholipid di-
rectly (Fig. 2A). None of the puriﬁed proteins preferred PA
as their lipid ligand even though this was the lipid bait used
to isolate each protein from yeast cytosol (Fig. 2A and B).
We hypothesize that this is likely due to the fact that the solidsupport was saturated with PA during the screen for lipid
binding proteins, while much lower lipid concentrations were
used during the phospholipid speciﬁcity analysis. From our li-
pid ligand analysis Egd2p bound PI3P, PI4P, PI3,5P2, PI4P,
and PA. Cdc33p and Arc1p bound PI3P while Arc1p also
bound PI3,5P2. The mitochondrial associated protein Ilv2p
demonstrated only weak binding versus PA and PI3,4P2. As
Ilv2p resides in the mitochondria, we also tested for Ilv2p
binding to the mitochondrial speciﬁc lipid cardiolipin and ob-
served binding to this lipid.
In order to provide independent evidence for lipid binding
for Arc1p, Cdc33p and Egd2p, binding assays to liposomes
composed of PC, PC/PA (0.8:0.2), and PC/PI3P (0.8:0.2) were
performed. The amount of Arc1p and Egd2p protein masses
associated with the pellet fractions corresponding to PC lipo-
somes was as low as those corresponding to no-liposome con-
trols (Fig. 3A and B), but increased amounts of protein were
detected associated with PA and PI3P containing liposomes.
Binding ability towards PI3P was higher than for PA contain-
ing liposomes for both proteins. Cdc33p bound to liposomes
without any detectable speciﬁcity (Fig. 3C).
The method described has proved facile for the identiﬁcation
of new phospholipid binding proteins. However, there are lim-
itations. The identiﬁcation of lipid binding proteins by the
method described will be inﬂuenced by the amount of the pro-
tein within the cellular extract used versus the aﬃnity of the
protein for the lipid bait. Also, many combinations and per-
mutations could be envisaged that would facilitate the comple-
tion of a more exhaustive lipid binding protein set including
altering (i) the lipid bait used, (ii) the contents of the binding
buﬀer with regard to pH and cations, and (iii) the subcellular
fraction used as protein source. Other methods that have been
used to identify putative novel lipid binding proteins include
probing proteome chips with labeled lipids [25] or protein ex-
tracts versus phospholipids covalently bound to resins [26].
All in vitro lipid binding assays ranging from (i) binding lipid
to various solid supports and assaying for protein interactions,
to (ii) binding proteins to solid supports and determining lipid
interactions, to (iii) assessing protein lipid interactions in solu-
tion through the use of liposomes or mixed micelles have
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tially insoluble lipids to soluble proteins. We have applied
the simplest of these methods as a means to expand the reper-
toire of known lipid binding proteins and have proven its eﬃ-
cacy in this regard. However, our own data within this study,
as well as that from many other labs, have demonstrated the
requirement for in depth biochemical and cell biological exper-
imentation to address the precise in vivo lipid ligand. In yeast,
these analyses will be facilitated by our ability to alter lipid
composition using strains with genetically inactivated or up-
regulated metabolic steps to determine speciﬁc roles for partic-
ular lipids generated at a speciﬁc site in the cell [3,10,27–30].
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